In order to investigate the effect of aging heat treatment and surface orientation on oxidation during the nanopore formation of B2-type FeAl, the surface of Fe-48 mol%Al single crystal was analyzed by Auger Electron Spectroscopy (AES). Electropolished and plasma-cleaned surfaces were aged for 18 ks at 723 K, in vacuum (about 5 Â 10 À4 Pa). A thin oxide layer was already formed on the non-aged surface. A thicker oxide layer was grown on the aged surface, but the difference in thickness of the oxide layers was slight. Further, the orientation dependence of the thickness of the oxide layers was even smaller. The thickness of the oxide layer on the FeAl single crystal is comparable to that of the passive film on the aluminum foil. Therefore, it is concluded that the influence of the aging heat treatment on oxidation during the nanopore formation of B2-type FeAl is negligible.
Introduction
It is well known that B2-type intermetallic compounds such as FeAl, NiAl, and TiCo contain numerous thermal vacancies at high temperatures. [1] [2] [3] [4] [5] [6] In our recent work on Fe-45 mol%Al ribbons, it was revealed that supersaturated vacancies retained upon rapid solidification were absorbed near the surface during an aging heat treatment. Following this, the surface morphology was self-patterned on a nano-to meso-scale. 7) In our subsequent paper, the nanopore formation near the surface was further confirmed for a waterquenched Fe-48 mol%Al single crystal. 8) Based on these results, we are convinced that the nanopore formation in FeAl is due to supersaturated thermal vacancy condensation. However, several papers on thermal pit formation have discussed the fact surface oxidation is correlated to the vacancy condensation near the surface. [11] [12] [13] [14] [15] [16] [17] [18] [19] In the case of aluminum, [9] [10] [11] [12] [13] [14] Kasen et al. 9) reported that the vacancy condensation pits were formed on the surface of pure aluminum during the cooling process. In the case of nickel and NiAl, [15] [16] [17] [18] Parthasarathi et al. 16) showed that the behavior of vacancy loop formation during annealing in -NiAl corresponded to the condensation of supersaturated vacancies emitted through surface oxidation. Genin et al. 17) measured the surface morphology of thermal pits formed at the intersection of three grain boundaries on the surface of an annealed nickel foil. They obtained a reasonable agreement between the experimental observation and the theoretical prediction. Such vacancy condensation behavior has also been observed in other alloy systems. 19, 20) However, the influence of surface oxidation on nanopore formation had never been studied for FeAl.
The purpose of this work is to investigate the effects of aging heat treatment on the surface oxidation of a B2-type FeAl single crystal during nanopore formation, by Auger Electron Spectroscopy (AES). The orientation dependence of the surface oxidation is also examined in this work.
Experimental Procedure
Fe-48 mol%Al ingots were produced from 99.99 mass% electrolytic iron and 99.99 mass% aluminum by an arcmelting technique in an argon gas atmosphere. The FeAl single crystal was grown from the ingots by means of a Bridgeman technique. A chemical analysis of the single crystal provides an approximate composition of Fe-48 mol%Al. After homogenization at 1373 K for 172.8 ks in vacuum, the single crystal was slowly cooled to room temperature at the rate of 5 Â 10 À3 Ks À1 to avoid the introduction of numerous supersaturated vacancies. {111}-, {011}-, and {001}-oriented single crystal plates of 1 mm thickness were cut from the single crystal by electrospark machining. The plate specimens were annealed at 1273 K for 3.6 ks in air, and then quenched into ice water. This waterquenching process was required to introduce supersaturated thermal vacancies in the specimens. The quenched specimens were ground to remove the oxide scale that was formed on their surfaces. The ground surfaces were further mechanically polished with diamond slurry, and they were subsequently electropolished in a solution of CH 3 OH: HNO 3 = 2: 1 to remove residual strain near the surfaces. 21) Moreover, the surfaces were plasma-cleaned, first in an oxygen atmosphere and then in an argon atmosphere, using South Bay Technology PE-2000. These plasma-cleaning treatments were one of the key processes that were essential for the nanopore formation on FeAl. 22) Finally, the specimens were aged for a maximum of 172.8 ks (48 h) at 623, 723, 823, and 923 K in high vacuum (about 5 Â 10 À4 Pa) on top of the Ti powder. The oxidized layer formed on the surface during the aging heat treatment was examined by AES with an Ar ion sputtering. AES was carried out using a JEOL JAMP-7100E Auger electron spectrometer. The AES conditions were as follows: primary electron beam energy 10 kV, beam current 5 Â 10 À7 A, and beam diameter approximately 3-5 Â 10 À6 m. The electron incidence angle with respect to the normal on the average surface plain was 30 . Depth profiles were obtained by argon ion sputtering and a consecutive Auger analysis. The sputtering of Ar þ ions was performed by using an IAP-MIDE-3 (JEOL, Japan) ion gun. The Ar ion sputtering conditions were as follows: Ar ion energy 3 kV, Ar gas pressure 7 Â 10 À2 Pa, and Ar ion current 3 Â 10 À2 A. The Ar ion beam was transmitted over an area of 1 Â 1 mm 2 at an incidence angle of 30 . The composition of the specimen was calculated by applying the method based on the relative elemental sensitivity factors. 23) 3. Results and Discussions 3.1 Surface oxidation by aging heat treatment Figure 1 shows the Auger electron spectra taken from the surfaces of non-aged specimens and those aged at 723 K for 18 ks in vacuum (about 5 Â 10 À4 Pa). In these experiments, specimens having {111}-oriented surfaces were used. The main surface contaminants were carbon (273 eV) and nitrogen (381 eV). Before the aging heat treatment, oxygen, iron, and aluminum signals were clearly detected as shown in Fig.  1(a) . It was supposed that an oxide layer had already formed on the non-aged specimen. On the other hand, by heat treatment a sulfur signal was observed in the AES spectrum of the aged specimen, as shown in Fig. 1(b) . It is well known that nonmetallic impurities readily segregate on surfaces in alloys containing small amounts of them. 24, 25) Hou et al. 26) showed evidence of sulfur segregation at the FeAl-Al 2 O 3 interface. The sulfur signal that was observed in Fig. 1(b) may indicate the existence of a thin oxide layer on the aged specimen.
Auger depth profiles for oxygen, iron, and aluminum were obtained for the above specimens. The results obtained from the non-aged and aged specimens having the {111} surfaces are shown in Fig. 2 . The concentration of oxygen decreases gradually with increasing sputtering time. In this paper, the oxide-metal interface can be defined as the point at which the oxygen concentration reaches the oxygen level in the FeAl single crystal substrate. Since the solubility limit of oxygen is extremely low in FeAl, the position of the oxide-metal interface should be accurately determined by this method, even if surface roughness is taken into account. In this case, the effect of selective sputtering would also be negligible, and this is the reason why we define such an interface. The left side of the interface line indicates that FeAl is oxidized clearly. Thus, the non-aged specimen possesses an oxide layer. The oxide-metal interface of the non-aged specimen lies at the vicinity of 100 s. On the other hand, in the aged specimen, the oxide-metal interface lies at the vicinity of 115 s. The oxide layer grows slightly during the aging heat treatment. Although how deeply the oxide layer grows is unclear at present, it was found that the thickness of the oxide layer formed during the aging heat treatment is comparable to that of a passive film formed on aluminum foils (Nippon Foil Mfg. Co., Ltd., Japan) at room temperature. The AES depth profile measurement for the aluminum foil shows that the oxide-metal interface lies at the vicinity of 100 s. The thickness of the oxide layer formed during the aging heat treatment is almost the same as that of the passive film formed on aluminum foil. Accordingly, it is clear that the aging at 723 K for 18 ks hardly accelerates the surface oxidation of the FeAl single crystal. Such oxidation behavior is unlikely to affect the nanopore formation in FeAl.
3.2 Effect of aging temperature and time on surface oxidation To investigate the relationship between aging temperature and oxide layer thickness, single crystal specimens were aged at several temperatures. Figure 3 shows the aging temperature dependence of the thickness of the oxide layer formed for 18 ks in vacuum. As seen in this figure, the thickness of the oxide layer gradually increases with increasing aging temperature. The thicknesses of the oxide layer formed between 623-823 K are almost the same as that of the passive film formed on the aluminum foil. This result indicates that the oxide layer growth on FeAl is scarcely affected by these temperatures (623-823 K). At 923 K, the surface oxidation is affected by the aging heat treatment, and thus, the oxide layer grows moderately as compared with its growth at other temperatures (623-823 K).
The effects of aging time on oxide layer growth were examined at 723 K. Figure 4 shows aging time dependence of the thickness of the oxide layer. The dependence of the thickness of the oxide layer is almost negligible up to 86.4 ks. Beyond 86.4 ks, the thickness of the oxide layer rapidly increases, and it is about twice as thick at 172.8 ks as it is at 86.4 ks. This abrupt change in thickness is similar to that often seen during the initial thermal oxidation. 27) Thermal diffusion of aluminum during the aging heat treatments would, thus, greatly influence the growth of the oxide layer.
Effect of orientation on surface oxidation
The AES sputter depth profiles of Fe-48 mol%Al single crystal specimens having {001}-and {011}-oriented surfaces are shown in Fig. 5 . The locations of the metal-oxide interfaces are almost the same for {111}, {001}, and {011}-oriented specimens. In previous studies, [28] [29] [30] it was reported that the oxidation behavior of the single crystal is affected by crystallographic orientations. These facts also suggest that the oxide layer formed on an FeAl single crystal is not affected by surface orientation. On the other hand, iron and aluminum concentration profiles are different between the orientations. This result suggests that the chemical composition near the surface is only slightly changed from the original composition, depending on surface orientation in FeAl. This compositional change near the surface possibly also affects the nanopore formation in FeAl.
Conclusions
In the present work, the surface oxidation of Fe-48 mol%Al single crystal during the aging heat treatment was 4) The location of the metal-oxide interfaces is almost the same for the {111}, {001}, and {011} planes. On the other hand, the concentration profiles of iron and aluminum are different between the surface orientations.
